Terms such as isochrony, syllable segregation, scanning speech and staccato-like rhythmic quality have been used to characterize the temporal regularity that may be a core feature of apraxia of speech. The present report describes a procedure to quantify temporal regularity in children with suspected apraxia of speech (sAOS). Conversational speech samples from 15 such children, together with samples from 30 3-6-year-old children with normal speech acquisition and 30 3-6-year-old children with moderate to severe speech delay of unknown origin, were selected from an audio archive. Signal processing routines were developed to identify and measure the duration of speech and pause events in 24 utterances from the speech samples of each of the 75 speakers. A value termed the coefficient of variation expressed the normalized variability in the durations of each participant's speech events and pause events within each utterance. A metric termed the coefficient of variation ratio, derived by dividing the coefficient of variation for pause events by the coefficient of variation for speech events, expressed a speaker's relative temporal variation in the two domains. The 15 children with sAOS had higher coefficient of variation ratios than the 30 children in each of the two comparison groups, indicating that the children with sAOS had proportionally more variation in the duration of pause events and/or less variation in the duration of speech events. Findings are interpreted as supporting the view that a constraint in speech timing is a core feature of the praxis disorder that defines a developmental form of apraxia of speech.
Introduction
Childhood apraxia of speech (CAS) is a rare disorder that takes its name from the presumption of a deficit in speech praxis. A companion paper reviewed issues and empirical findings for a diagnostic marker of stress that were viewed as consistent with the core deficit of speech praxis (Shriberg, Campbell, Karlsson, Brown, McSweeny and Nadler, 2003) . The present paper focuses on another descriptive feature of CAS that is also presumed to reflect the core praxis disorder-a reduction in temporal variation associated with the percept of isochronous (similarly timed) and segregated (non-coarticulated) syllables and words (cf. Shuster, Ruscello and Haines, 1989; Hall, Jordan and Robin, 1993; Shriberg, Aram and Kwiatkowski, 1997a) . Related constructs in the literature on acquired apraxia in adults include scanning speech, robotic speech, staccato-like speech and more generally, abnormal speech timing (e.g. Kent and Rosenbek, 1983; Ackermann and Hertrich, 1994; Whiteside and Varley, 1998; Kent, Weismer, Kent, Vorperian and Duffy, 1999) .
Some research findings from a British family
The lack of validated inclusionary criteria for childhood apraxia of speech continues to be the primary constraint on the development of a coherent descriptive-explanatory account of this proposed disorder. As suggested in the companion paper (Shriberg et al., 2003) , all findings in the experimental literature have to be considered tentative due to the lack of a gold standard for CAS and to the large differences in the inclusionary criteria used by investigator groups. The majority of empirical studies and evaluative reviews view CAS as a movement disorder, but other perspectives include the possibility of significant, if not core, deficits at 'higher' levels of linguistic representation and speech processing (cf. Odell and Shriberg, 2001) . Additional discussion of this ongoing dialogue is beyond the scope of the present study. A representative sample of these alternative views, which have continued during the past decade, is available in the Hall-Robin dialogue (Hall, 1992; Robin, 1992) .
Landmark studies of a multigenerational British family (known as the 'KE family') have provided the first opportunity to address the origin and nature of CAS without the limitations of case-control designs referenced in the companion paper (Vargha-Khadem, Watkins, Alcock, Fletcher and Passingham, 1995; Fisher, Vargha-Khadem, Watkins, Monaco and Pembrey, 1998) . Half of the members of this family have an orofacial (i.e. non-speech) apraxia that is transmitted as an autosomal dominant trait. Because the orofacial apraxia appears to cosegregate with suspected apraxia of speech, investigators have been able to address both distal and proximal explanatory processes for both disorders in affected family members. The gene transmitted in this family, FOXP2 (a transcription factor), was identified by positional cloning (Lai, Fisher, Hurst, Levy, Hodgson, Fox, Jeremiah, Povey, Jamison, Green, Vargha-Khadem and Monaco, 2000; Lai, Fisher, Hurst, VarghaKhadem and Monaco, 2001) . MRI, PET and other neuroimaging studies of affected family members have identified a number of anatomical abnormalities in cortical and subcortical motor-related areas of the frontal lobe (Vargha-Khadem, Watkins, Price, Ashburner, Alcock, Connelly, Frackowiak, Friston, Pembrey, Mishkin, Gadian and Passingham, 1998; Watkins, Gadian and Vargha-Khadem, 1999; Watkins, Dronkers and Vargha-Khadem, 2002; Belton, Salmond, Watkins, Vargha-Khadem and Gadian, 2003) . It should be noted that other investigator groups have reported additional neuroanatomical sites associated with acquired apraxia of speech (see review in Kent, 2000) .
Findings from studies of the orofacial praxis deficit and the apraxia of speech in the affected members of this British family are of particular interest in the present context. Alcock, Passingham, Watkins and Vargha-Khadem (2000a; have reported that these individuals were not deficient in the perception or production of pitch, but that they were markedly impaired in the perception and production of rhythm, as assessed in both vocal and manual (a tapping test) modalities. These authors conclude, ' † intonation abilities are not impaired in the affected family members, whereas their timing abilities are impaired. Neither their linguistic nor oral praxic deficits can be at the root of their impairment in timing; rather, the reverse may be true' (Alcock et al., 2000b, p. 34) . Thus, these investigators speculate that the praxis deficit that defines apraxia of speech may include at its core an impairment in speech timing.
Other than the investigators' anecdotal comments on the speech disorder in family members with orofacial apraxia, there are few available technical data on the specific patterns of speech and prosody errors of affected family members. Hurst, Baraitser, Auger, Graham and Norell (1990) provided case histories for six affected family members, focusing primarily on these speakers' difficulty sequencing movements, including impairment in the organization of speech movements and manual movements for signing. Fee (1995) provided a comprehensive description of the consonant errors of eight affected family members sampled at two points in time but did not comment on whether any of the speech errors were consistent with apraxia of speech. Goad (1998) provided a thorough analysis of a pronounced impairment in plurals in five affected adult family members, focusing on alternative (prosodic versus morphological) theoretical explanations also without comment on speech-prosody errors in relation to apraxia of speech.
A fourth paper by Piggott and Kessler Robb (1999) provided a well developed linguistic description of the prosodic characteristics of four affected family members ranging from 14-78 years in age and four approximately age-matched non-affected family members. These participants responded to a series of preference judgement and production tasks that included both real and novel multisyllabic words that assessed participants' knowledge of lexical stress rules. Piggott and Kessler Robb's findings provide the best available information on a prosodic constraint shared by affected family members. The investigators report that these family members had considerably more incorrect and variable judgements of what constituted appropriate lexical stress, even on the tasks that contained only real words. Moreover, affected family members' productions of words more than two syllables long were described as aberrant in timing. The investigators, who were well trained in phonetic transcription, noted that polysyllabic words were produced with 'prominent pauses separating them' and were 'evenly stressed'. In the present context, these descriptions are viewed as support for concepts such as isochrony and syllable segregation as a possible core deficit in apraxia of speech.
Statement of the problem
Among other proposed descriptive features of CAS, a reduction in the normal temporal variation of speech events has significant promise as a diagnostic marker. From a conceptual perspective, an impairment in speech timing may be a highly prevalent correlate of apraxia of speech, occurring across differing levels of severity of expression and persisting past the period when other segmental and suprasegmental variables normalize (i.e. consider the advanced ages of the affected family members included in Piggott and Kessler Robb, 1999) . From a statistical perspective, a timing deficit may be highly specific for apraxia of speech compared, for example, to a stress impairment that may be prevalent in other types of communicative disorders. Finally, from a technical perspective, durational data are relatively easy to quantify using acoustic techniques.
The goals of this report are (a) to describe a metric to quantify the variation in speech and pause durations in conversational speech, (b) to provide reference data on this variable in representative samples of 3-6-year-old children with typical and delayed speech, (c) to provide data on the variation in speech and pause events in children who have been described as having isochronous and segregated syllables consistent with apraxia of speech and (d) to assess the potential of the temporal variation metric as a diagnostic marker of childhood apraxia of speech. Following the research and service delivery rationale proposed in Shriberg, Aram and Kwiatkowski (1997a) , the term suspected apraxia of speech (sAOS) is used to denote case studies or participants recruited for research who may or may not be true positives for childhood apraxia of speech.
Method

Participants
Audiocassettes of conversational speech samples from 75 children were obtained from a large audiotape archive. The archive included recorded speech samples and accompanying case records of children who had participated in one or more studies of child speech-sound disorders, either as experimental or as control subjects. Table 1 includes summary descriptive data for children in the following three speaker groups. Normal Speech Acquisition (NSA) The 30 children classified as having Normal Speech Acquisition (NSA) participated as age-matched controls in prior and ongoing studies of child speech-sound disorders. Children selected for the present study included a total of 15 boys and 15 girls: five boys and five girls each at ages 3, 4 and 5 years. All NSA speakers were classified as having normal speech acquisition using the Speech Disorders Classification System (SDCS) software (Shriberg, Austin, Lewis, McSweeny and Wilson, 1997b; Shriberg, Allen, McSweeny and Wilson, 2001 ). The SDCS accomplishes classification by comparing a speaker's error profiles to those obtained from age-matched speakers in a reference database. As indicated in the summary data in table 1, all participants with NSA were also required to score above 95% on a severity metric termed the Percentage of Consonants CorrectRevised (PCCR; Shriberg, Austin, Lewis, McSweeny and Wilson, 1997a) . This criterion ensured that over 95% of the consonants and vowels/diphthongs attempted in the conversational samples were scored as phonemically correct by one or more transcribers using a common system of narrow phonetic transcription (Shriberg and Kent, 1995) . A metric termed Average Words Per Utterance (AWU) included in the PEPPER output indicated that these 30 children produced an average of 4.6 words per utterance. For children in this age range, AWU correlates in the high 0.90s with mean length of utterance (Shriberg and Kwiatkowski, 1994) . These latter data are consistent with the records data indicating that these children had age-appropriate or only mildly delayed language.
Speech Delay (SD)
Conversational samples from 30 3-6-year-old children with speech delay of unknown origin (SD) were selected from the audiocassette archive. As with the samples from the NSA group, these samples were drawn to include also five boys and five girls at ages 3, 4 and 5 years. The inclusionary criteria were that each child met the SDCS criteria for SD. Participants in this group also had to score below 85% on the PCCR metric. As shown in table 1, AWU values for the 30 speakers with SD averaged 3.7.
Suspected Apraxia of Speech (sAOS)
A total of 15 children with speech delay were selected from a subset of 100 children whom speech-language clinicians and/or clinical researchers in collaborative studies had classified as sAOS (Shriberg and McSweeny, 2002) . Inclusionary criteria for the present study were based on a set of provisional speech and prosody-voice markers for children with speech delay of unknown origin that were viewed as consistent with sAOS and/or suspected dysarthria (sDYS). An appendix includes the markers and classification procedures used by two experienced research transcribers (the first and fourth authors) to classify the 15 children as sAOS or sDYS. Candidate participants for the present sAOS speaker group had to meet two criteria. The first inclusionary criterion was that the transcribers perceived the speaker as having a speech-timing deficit consistent with syllable segregation. As listed in the appendix, either of the first two diagnostic markers for sAOS or sDYS satisfied this criterion (notated as Stress/Timing [S/T] in the original procedure; see appendix, table A2). All 15 children selected for the present study were perceived as having at least three strings of syllable segregation in the section of the conversational speech sample used in the present study (see below). For later use in the data analyses, children with only three such events were subclassified as having some syllable segregation; those having four or more strings of segregated sounds were subclassified as having frequent syllable segregation.
The second inclusionary criterion for samples meeting the speech-timing criterion was included to increase the level of confidence that each of these participants also had some other behaviours associated with speech motor impairment. Participants had to meet criteria for marginal (1.0-1.5 points) or non-marginal (2 points or more) classification based on their status on the list of speech markers for sAOS and/or sDYS included in the appendix. This list of diagnostic markers had been assembled as part of a prior study (Shriberg and McSweeny, 2002) , which was completed before the elaborated list of markers for sAOS proposed in the companion paper in this issue (Shriberg et al., 2003) . The outcomes from this procedure were that one participant met criteria for only sAOS, some participants met criteria for only sDYS (n~8), some participants met criteria for both classifications (i.e. sAOS and sDYS~sAOS_sDYS; n~2) and some participants not clearly meeting either classification were termed Indeterminate (i.e. AOS or DYS~AOS/DYS; n~4).
As indicated in table 1, the participants with sAOS were nearly all male (87%), which is consistent with the reported high proportion of males in studies of sAOS (Hall et al., 1993; Kwiatkowski, 1997b, 1997c) . The average age of the speakers with sAOS was 6 years, 11 months, somewhat older than the average age of speakers in the two comparison groups and also consistent with reports in the literature. Failure to normalize speech delay by 6 years of age is a frequently cited diagnostic characteristic of sAOS, and therefore, studies that ascertain children by clinical referral typically include a substantial number of older children (early elementary-aged to adolescents).
Speech analyses
A subset of 24 utterances from each of the 75 conversational samples was selected using the exclusionary criteria provided in a system of prosody-voice coding (Shriberg, Kwiatkowski and Rasmussen, 1990 ). These exclusionary criteria, which addressed linguistic, paralinguistic and audio recording requirements, ensured that all utterances were linguistically and technically appropriate for the acoustic analysis.
Digitizing and segmentation
Each of the speakers' 24 utterances was digitized at 44.1 kHz (16 bit quantization). Computer-assisted detection methods were developed for Matlab (version 6.5) to determine the onset and offset of speech and pause events within each of the 24 utterances in each conversational speech sample. For this procedure, the assistant was required to identify a region on a rectified and digitally filtered (f lp~3 0 Hz; zero-phase shift forward and reverse; Butterworth, 8 pole) display of each waveform that contained the largest amplitude 'pause' event. The maximum value of the selected pause region was used to establish a threshold for separating 'speech' from 'pause' events. The onsets and offsets for speech events were defined as values above the threshold for pause events, as identified in the display for each waveform. Speech and pause durations less than 100 ms, the duration within which stop closures and burst releases tend to occur, were eliminated from the data set. Thus, the pauses remaining were located primarily within and between words, at prosodic phrases and at syntactic boundaries. Figure 1 illustrates these procedures, with the example described in the caption providing additional information on both the procedures and the coefficients of variation described in the next section. The duration values for each eligible speech and pause event were exported to a database.
The coefficient of variation and the coefficient of variation ratio
The auditory percept of isochrony and/or segregated speech, as reviewed previously, includes a lack of normal variation in the temporal aspects of speech. The scope of the present paper does not include extended consideration of factors (other than temporal regularity) that contribute to the percept of isochrony (e.g. Fowler, Smith and Tassinary, 1986; Zellner, 1994) . To quantify this percept, a metric was developed to assess a speaker's durational variability within speech events and pause events. The coefficient of variation (CV~SD/Mean) was computed across all of the durations within an utterance for each event type (i.e. speech and pause). This transformation adjusted for changes in event durations that were related to variations in speech rate across utterances and speakers. CV values were averaged across utterances for each subject. Thus, the lower the CV, the lower the variation in the duration of speech events (i.e. isochrony) or pause events in conversational speech. and pause events for a 5-second utterance. The maximum value of the selected 'pause' region was used to establish an amplitude threshold for separating 'speech' from 'pause' events. Boundaries associated with each pause event were identified as values in the rectified and filtered waveform below the threshold, and speech events were identified as values that were above the threshold. Durations below 100 ms, such as the first pause event in the example waveform, were not included in the analysis. For each utterance, the coefficient of variation (CV) was computed separately for speech and pause events. The coefficient of variation ratio (CVR) for the utterance was computed by dividing the CV of pause events by the CV of speech events. The CVR for the utterance displayed above was 0.916.
A metric termed the coefficient of variation ratio (CVR) was calculated to express the relationship between variations in the duration of speech events compared to variation in pause events. Because the CVs for pauses were larger than the CVs for speech, the CVR was calculated by dividing the CV for pause events by the CV for speech events. Thus, low CVRs indicate proportionally less variability in pause events, and high CVRs indicate proportionally less variability in speech events. Figure 1 provides an example of these values as obtained from one 5-second utterance. Table 2 is a summary of the number and distributional characteristics of the durations of speech and pause events recorded for participants in each of the three groups. These values, cross-tabulated by sex and age within each of the speech status groups, provide reference data for typically developing children and children with speech delay. The summary values in table 2 are based on the total number of tokens pooled across speakers. As shown, there were comparable numbers of speech and pause events across the three groups and within the three age levels for each sex. The four descriptive statistics for the distributions of each class of events within each cell suggest that: (a) the means and ranges of speech and pause durations within and across groups were relatively similar; (b) the standard deviations in each cell were fairly large relative to the mean values; (c) the skew values for pause events were larger than those for speech events, the latter of which were more consistent with normal distributions; and (d) the standardized kurtosis values for both events were relatively, but not inordinately, high. Table 3 is a summary of the speech CV and pause CV data for participants in each of the three speaker groups. The values for each of the four statistical moments are consistent with normal distributions in each domain for each of the three speaker groups. As with the raw values shown in table 2, these values were not averaged by individual speakers. Rather, they were averaged on the total pool of events indicated in the entries for each row in the column titled Events. Figure 2 , panel A is a display of the means and standard deviations for the speech and pause CVs for participants in the three speaker groups. Unlike the data in tables 1 and 2, these CV data were first averaged by speaker and then averaged over the number of speakers in each group. The trends for the speech CVs are consistent with the construct of isochrony in apraxia of speech, with NSA speakers having the highest temporal variation in speech events and sAOS speakers having the least variation. Two-sample t tests using two-tailed significance criteria were completed on these data. Family-wise Bonferoni alpha adjustments were deemed unnecessary, as the six comparisons for each event class could be divided into three logical figure 2 , panel A, the two reference comparisons of NSA with SD (t~1.71, Figure 2 . Panel A is a display of the coefficient of variation (CV) data for speech and pause events for speakers in the three study groups. Panel B is a display of the coefficient of variation ratio data for speech and pause events in each group.
Results
Reference data
Temporal variation analyses Description
Inferential statistics
df~58, p~0.093) and of NSA with sAOS (t~0.49, df~69, p~0.39) were not statistically significant, but the comparison of SD with sAOS speakers (t~22.23, df~43, p~0.031) on the CV metric was statistically significant. Figure 2 , panel B provides a graphic summary of the CVR data, also averaged first by speaker and then averaged across speakers in each group. Each of the statistical findings for the three comparisons, NSA with SD (t~0.17, df~53, p~0.17), NSA with sAOS (t~22.07, df~16, p~0.055) and SD with sAOS (t~22.08, df~19, p~0.052), exceeded the conventional 0.05 alpha level and thus was not statistically significant. Table 4 is a summary of the effect sizes calculated for all between-group comparisons of the CVs for speech and pause events and of the CVR metrics. The effect sizes obtained in the present study were conservatively classified into the four categories shown in the footnote for table 4. As listed in table 4, the effect sizes obtained in this study provide considerable acoustic-based support for the percept of reduced variability of speech and pause events in children with sAOS.
Effect sizes
As shown in figure 2 and table 4, the largest effect size was for the speech CVs of speakers with NSA versus sAOS. The sAOS speakers had less variability in their duration of speech events (ES~0.92). The other large effect size for the CVs was obtained for the comparison of pause CVs for speakers with SD versus sAOS. As shown in figure 2, speakers with sAOS had greater variation in pause durations (ES~0.71).
There were two large effect sizes obtained for the CVR data. As indicated in table 4 and shown in figure 2, speakers with sAOS had larger CVR ratios (i.e. more variable pause durations and less variable speech durations) than both the speakers with NSA (ES~0.79) and the speakers with SD (ES~0.73).
To summarize, the direction and magnitudes of differences in CV and CVR values among groups, as indexed by the generally substantial effect sizes, provide quantitative support for the percept of isochrony in the speakers with sAOS assessed in this study. Findings are also interpreted as support for the sensitivity of the CVR metric as a potential diagnostic marker of AOS. This latter claim is based on the findings of no appreciable difference in the CVRs of speakers in the NSA versus SD groups (ES~0.04) but large differences in the NSA-sAOS comparison (ES~0.79) and in particular, the crucial (i.e. for diagnostic specificity) SD-sAOS comparison (ES~0.73).
Individual findings
Figure 3 provides information on the distributions of individual CVRs for participants in the three speaker groups. The boxplots provide the median CVR value, a 95% confidence interval around the median value (smaller boxes), the interquartile range (25 th and 75 th percentiles, larger boxes) and individual CVR data points. The individual data points for the 30 participants in each of the two reference groups are not discernable in this figure. However, it is the spread of scores in each group and the individual CVRs for the 15 children with sAOS that are the focus of figure 3. Four observations about the data in figure 3 warrant comment.
First, the distribution of CVRs for the 15 children with sAOS differs in several ways from the distributions of CVRs for speakers with NSA and SD. There is one speaker with sAOS who had an extremely high CVR (2.76). Further inspection indicated that this speaker had the lowest CV (0.24) for speech events, coupled with the fourth highest CV for pause events. Inspection of the rank-ordered data for the other 4 speakers with high CVRs indicated similar patterns, with CVs for speech events ranked among the lowest and CVs for pause events ranked among the highest within the distributions for the 15 speakers with sAOS.
A second observation is that the elevated median for the speakers with sAOS (in Figure 3 . Boxplots of the coefficient of variation ratio (CVR) data for participants in the three study groups. Each boxplot provides CVR information on the median, confidence interval around the median, the interquartile range and the individual values.
comparison to the medians for the two reference groups) appears to be associated with the lack of scores in the lower CVR range. Note that the four high CVRs elevate the mean for this group, but extreme scores do not affect the median. Thus, in comparison with the more narrow, balanced ranges of variability of speech and pause events for speakers in the NSA and SD groups-approaching a CVR ratio of 1.0-there is a trend for proportionally more of the speakers with sAOS to have more variation in the durations of their pause events than in their speech events (i.e. their CVRs are above the reference ratios converging on approximately 1.0). A third observation is that the above findings were not moderated by other characteristics of the sAOS participants. Inspection of the individual data (including use of scatter plots and fitted regression lines) indicated that individual CVs for speech and pause events were unrelated to a participant's etiological classification. Thus, the CVR values of the 7 sAOS participants classified as AOS, AOS_DYS or AOS/DYS (see appendix) were no higher or lower than the CVR values of the 8 participants classified as DYS. Moreover, the magnitudes of the CVs and resulting CVRs were unrelated to the severity of speech involvement (i.e. PCCR values) of the participants with sAOS. Finally, CV and CVR values for the sAOS participants were unrelated to the frequency of perceptually observed syllable segregation in the conversational speech sample (i.e. some versus frequent).
The fourth observation is viewed as particularly promising for the potential of the CVR metric as a diagnostic marker of AOS. Of the four highest CVRs for sAOS participants shown in figure 3, three are from members of the British family described previously. As reviewed, affected members of the family, including the three participants in the present study, have an orofacial apraxia that appears to be genetically transmitted as an autosomal dominant trait. All affected members also have suspected apraxia of speech. These three participants had the highest, second highest and fourth highest CVR scores (the latter fractionally lower than the third highest, see figure 3 ) obtained for the 45 participants.
Discussion
The finding that at least some of the speakers with suspected apraxia of speech had notably decreased variation in the duration of their speech events is viewed as support for the perceptual construct of isochrony in these speakers. From a measurement perspective, the CVR findings for the three speakers with an inherited form of apraxia of speech lend a form of construct validity to this proposed diagnostic marker. Some methodological constraints are appropriate to review before additional observations and discussion.
Methodological considerations
There are several procedural considerations that limit generalizations from the findings of this study. An initial consideration is that the decision to include only children whose speech was perceptually consistent with the correlates of isochrony or syllable segregation limits generalizations to participants with these descriptive features of sAOS. The primary goal of the study was to determine if an acoustic correlate of this percept could be developed and documented. It is not clear what the implications of the present findings are for children who may meet other criteria for sAOS but are not perceived as having the characteristics of isochrony and syllable segregation described in the literature on apraxia of speech and used as inclusionary criteria in the current study.
A second constraint on generalizations from the present findings concerns the validity of the several methodological decisions in the procedures for acoustic analyses. Examples include the selection of the threshold for discriminating speech from non-speech (pause) events and the 100 ms cut-off point for pause events (cf. Hieke, Kowal and O'Connell, 1983; Zellner, 1994) . This latter value, for example, could be viewed as too long and wasteful of possibly informative pausal events of shorter duration. Alternatively, inclusion of pausal events above this value may have biased the pause data to appear more variable than was relevant for the present concerns. Cross-validation studies using alternative signal processing approaches and speech-pause criteria are needed for optimal theoretical coherence and diagnostic accuracy.
Finally, the older ages of several of the speakers with sAOS (relative to the data provided in the reference values) may be associated with unknown effects. Although the AWU data provide some control for possible effects on CVR of variables associated with utterance length, there are other age-related variables associated with social and biological correlates of age (e.g. linguistic and craniofacial variables) that may have impact on speech timing. Studies that include larger groups of 3-to approximately 16-year-old children with sAOS are needed to determine whether interpretation of the current findings is constrained by the older ages of some of the speakers with sAOS.
Speech processing perspectives
The quantitative findings for the CVR metric, particularly the substantial effect sizes for the SD-sAOS comparisons, support the potential of the present approach to quantify the perception of isochrony in young speakers. With due appreciation of the need for cross-validation, the following discussion offers some speculative interpretations of the present findings.
Speech variation
The high CVRs obtained by speakers with sAOS were a function of both reduced variation in the duration of speech events and increased variation in the duration of pause events, relative to the CVRs obtained from the two comparison groups. The lowered variation in the duration of speech events would seem to be consistent with the percept of isochrony-which, in turn, is viewed as a deficit consistent with a disorder of speech praxis. From this perspective, reduced or regularized durational variability might be viewed as the obligatory product of a spatiotemporal movement disorder. Note, however, that based primarily on information gained from a tapping test, Alcock et al. (2000a; speculated that a timing deficit may be the core disorder.
It is difficult to envision how a proposed constraint on the timing of movements might be viewed as support for a locus of apraxia of speech positioned at 'higher' linguistic levels. For example, it is difficult to account for the reduced variation in timing by appeal to such constructs as unstable underlying representations for word forms or sentence formulation deficits affecting the selection and retrieval of words. As reviewed in Shriberg et al. (2003) , processes of this sort have been proposed as the possible loci for lexical and sentential stress differences in children with sAOS, including proposals from our own prior studies. From the present perspective, it would seem more plausible that a constraint on temporal variation located at encoding phases of speech planning underlies the lexical and sentential stress deficits observed in children with sAOS.
Pause variation
Speculation on the possible source of the increased variation in the duration of pause events in the children with sAOS is especially challenging. Arguments can be marshalled that this variability reflects constraints at either speech-motor or cognitive-linguistic processing levels. Clearly, some of the pause events could reflect constraints on such task demands as sentence formulation, word retrieval and representational aspects of lexical, sentential or emphatic stress. Because it was beyond the scope of the present study to complete the type of transcript analysis that could provide the needed information on such correspondences in children with sAOS compared to children in the other two groups, the present data are viewed as non-informative on these issues. However, using the criteria of explanatory parsimony, it would be appropriate to infer a common source for both the speech and the pause findings. Such a view would propose that the variable pause lengths reflect planning and programming processes at the level of speech motor control, much as posited for adults with acquired AOS whose premorbid representational forms and access processes are posited to remain intact. Again, the goals and methods used in the current study were not designed to address these issues.
Conclusions
The primary goal of this study was to develop and assess the diagnostic accuracy of a metric termed the Coefficient of Variation Ratio, an acoustically based measure that quantifies the relative durational variability of speech versus pause events. Descriptive statistics for the metric suggest that it meets criteria for interval-level analyses. For the age ranges typically studied in childhood apraxia of speech, additional research is needed to assemble a reference database extending through adolescence. Concurrent validity for the metric was supported by its sensitivity to the speech of three children whose patterns of speech and prosodic errors have been linked to a genotype associated with orofacial apraxia. Findings suggest that these children (and others with sAOS) have reduced temporal variation in speech events but increased temporal variation in pause events. Findings for the reduced variation in speech events were interpreted as consistent with a praxis deficit in speech motor control. However, findings indicating that children with sAOS have greater variability in the durations of pause events, together with findings indicating that such children have deficits in the perception of correct stress, present continued challenges to the explanatory construct of a core praxis deficit in childhood apraxia of speech. WATKINS, K. E., GADIAN, D. G. and VARGHA-KHADEM, F., 1999, Functional and 
Appendix: classification procedures
Detailed descriptions of the procedures developed to classify children with suspected apraxia of speech are provided in a technical report (Shriberg and McSweeny, 2002) . For the needs of that study, a system was developed to reclassify 100 children referred by speech-language pathologists and research collaborators as having suspected apraxia of speech. The abbreviated description that follows provides only the information needed to understand the classifications as they are discussed in the present study. Table A1 includes a list of diagnostic markers and their point values for two proposed etiological subtypes of speech delay of currently unknown origin. The Shriberg and McSweeny paper includes markers and classification procedures for a third proposed etiological subtype-speech delay associated with early recurrent otitis media with effusion. For clarity, all information on this third classification has been removed from tables A1 and A2. Only one child in the present study qualified for a multiple category (see below) that involved this latter proposed subtype.
Each marker in the two lists was developed in associated research on sAOS. Bracketed observations, as indicated in the right-most column in table A1, essentially reflect limitations in the frequencies of marker behaviours (i.e. validity and reliability issues). Some speakers met the two-points criterion for both proposed etiological categories, which is termed AOS_DYS (i.e. AOS and DYS). Some children met the stress or timing criterion for AOS or DYS, but not the speech criteria that might differentiate the two classifications. Participants meeting such criteria for only the stress or timing marker were classified as AOS/DYS (i.e. AOS or DYS). Importantly, all classifications were based on the available audio samples, which were restricted to conversational speech samples for the majority of most participants. As discussed in the Shriberg and McSweeny paper, responses to citation tasks and other types of speech tasks are needed to evoke the types of behaviours associated with apraxia of speech. Thus, the possibility of false positives and false negatives among these classifications is the primary motivation for the term suspected apraxia of speech in both studies. It should also be noted that the eight descriptive features for childhood apraxia of speech proposed in Shriberg, Campbell et al. (2003) were developed from research completed after the Shriberg and McSweeny (2002) procedures used in the present study.
